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KCUCI3 is a three dimensionally coupled spin dimer system, which undergoes a pressure- 
induced quantum phase transition from a gapped ground state to an antiferromagnetic state at 
a critical pressure of P c ~ 8.2 kbar. Magnetic excitations in KCUCI3 at a hydrostatic pressure 
of 4.7 kbar have been investigated by conducting neutron inelastic scattering experiments using 
a newly designed cylindrical high-pressure clamp cell. A well-defined single excitation mode is 
observed. The softening of the excitation mode due to the applied pressure is clearly observed. 
From the analysis of the dispersion relations, it is found that an intradimer interaction decreases 
under hydrostatic pressure, while most interdimer interactions increase. 
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For a system of isolated S = 1/2 spin dimers with 
an antiferromagnetic (AF) intradimer exchange interac- 
tion J > 0, the triplet excitation is dispersionless and 
the excitation energy is given by fku(q) — J. When 
a three-dimensional interdimer exchange interaction J' 
is switched on, excited triplets can hop to neighbor- 
ing dimers due to the transverse component of the in- 
terdimer interaction (J'/2)(SfSj + S^S+) so that the 
magnetic excitations become dispersive. With increasing 
(J'/ J), the dispersion range increases and the lowest ex- 
citation energy corresponding to the energy gap of the 
system decreases. At a quantum critical point (J'/J) c , 
the gap closes and the disordered ground state changes 
to the AF-ordered state. 1,2 The AF state stabilized for 
{J 1 1 J) > (J'/J) c is described by the coherent super- 
position of the singlet |0, 0) and two triplet components 
|1, ±1). Such a quantum phase transition (QPT) was first 
realized in TlCuCbj 3-5 by the application of hydrostatic 
pressure. The critical pressures determined by magneti- 
zation measurement and neutron scattering experiment 
are P c = 0.42 kbar 3 and 1.07 kbar, 5 respectively. There 
is a discrepancy between the critical pressures obtained 
from macroscopic and microscopic measurements. 

In this study, we investigate magnetic excitations in 
KCuCl 3 under hydrostatic pressure. The crystal struc- 
ture (space group P2x/c) of KCuCbj is the same as 
that of TlCuCbj 6,7 and is composed of planar dimers 
of CU2CI6. The dimers are stacked to form infinite dou- 
ble chains parallel to the crystallographic a-axis. These 
double chains are located at the corners and center of 
the unit cell in the fcc-plane. A strong AF exchange 
interaction with J = 4.34 meV in the planar dimer 
of CU2CL3 dimerizes the spins of Cu 2+ . As shown in 
Fig. 1, neighboring spin dimers couple along the a-axis 
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Fig. 1. Exchange interactions in the present systems. Double 
chains located at corners and the center of the chemical unit 
cell in the 6c-plane are represented by solid and dashed lines, 
respectively. The shaded area shows the chemical unit cell in the 
ac-plane. J denotes the intradimer interaction. J[; m7l ] and J'yi mrl \ 
denote interactions between dimers separated by the lattice vec- 
tor la + mb + nc. 



and in the (1,0,2) plane, in which the hole orbitals of 
Cu 2+ spread. 8-12 The lowest triplet excitation occurs at 
Q = (0,0,1) and its equivalent reciprocal points. The 
magnitude of the energy gap is A = 2.67 meV. 8 ' 13 ' 14 
Consequently, KCUCI3 is magnetically characterized as 
an interacting spin dimer system. 

KCUCI3 undergoes a QPT under hydrostatic pressure, 
as observed in TICUCI3. 15 The critical pressure obtained 
through magnetization measurement is P c = 8.2 kbar. 15 
An analysis of magnetic susceptibilities has revealed that 
the intradimer interaction J decreases linearly under 



2 J. Phys. Soc. Jpn. 



Letter 



Kenji GOTO et al. 



pressure, and that the sum of interdimer interactions in- 
creases with pressure. This causes the shrinkage of the 
gap and leads to the pressure-induced QPT. However, 
the pressure dependence of individual exchange interac- 
tions and the change of dispersion relations under pres- 
sure in KCUCI3 have not yet been clarified, as well as 
in TICUCI3. To investigate these phenomena, we have 
performed neutron inelastic scattering experiments on 
KCUCI3 under high hydrostatic pressure. In general, it is 
difficult to carry out neutron inelastic scattering under 
high pressure because of the small sample space and the 
attenuation of the neutron beam due to the thick pres- 
sure cell. In the present study, we used a newly designed 
cylindrical high-pressure clamp cell and obtained well- 
defined excitation spectra. In this paper, we report the 
results of our experiments. 
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Fig. 2. Sectional view of the mesoalite hydrostatic high-pressure 
cell. The outer and inner diameters of the mesoalite cylinder are 
29 mm and 10 mm, respectively. 



Neutron inelastic scattering experiments were per- 
formed using the TAS-1 and LTAS spectrometers in- 
stalled at JRR-3M in JAEA, Tokai. Figure 2 shows a 
sectional view of the cylindrical high-pressure clamp cell 
used for the present neutron scattering experiments. The 
cylinder with outer and inner diameters of 29 mm and 
10 mm, respectively, is made of mesoalite (Al-Zn-Mg- 
Cu alloy), which is translucent for the neutron beam. 
The inner diameter of the sample capsule is 8.0 mm and 
the working height is 22 mm. This can accommodate 
a sample 7.8 mm in diameter and 16 mm in length. A 
KCUCI3 single crystal prepared by the Bridgman method 
was shaped into a column 7.8 mm in diameter and 14 mm 
in length with the central axis parallel to the crystallo- 
graphic 6-axis. The KCUCI3 sample was placed in a teflon 
capsule. A mixture of Fluorinert FC70 and FC77 was 
used as the pressure-transmitting medium. A hydrostatic 
pressure of P = 4.7 kbar was applied at helium tempera- 
tures. The pressure was determined from the lattice con- 
stants of a NaCl crystal placed in the sample space. The 
sample was mounted in the cryostat with its a*- and 



c*-axes in the scattering plane. The constant-fe/ mode 
was adopted with a fixed final neutron energy Ef of 14.7 
meV and collimations were set as open— 80' — 80' — 80' on 
TAS-1. To investigate the low-energy excitation with a 
high energy resolution, inelastic scattering, in which the 
constant-fey mode was adopted with Ef = 3.5 meV and 
collimations were set as open— 80' — 80'— open, was also 
carried out on LTAS. Sapphire and pyrolytic graphite fil- 
ters were placed to suppress the background caused by 
high-energy neutrons and higher-order contaminations, 
respectively. The crystallographic parameters were de- 
termined as a = 3.918 A, c = 8.545 A and = 96.07° at 
helium temperatures. The constant-Q energy scan pro- 
files were collected in the a* — c* plane at T = 1.4 K. 
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Fig. 3. Constant-Q energy scan profiles for Q along (h, 0, 1) with 
< h < 0.15 in KCuChj at P = 4.7 kbar collected using the 
LTAS spectrometer. The solid lines are fits obtained using a 
Gaussian function. Horizontal bars denote calculated instrumen- 
tal resolution widths. 



Figure 3 shows profiles of constant-Q energy scans for 
Q along (h, 0, 1) collected using the LTAS spectrometer. 
A well-defined single excitation mode can be observed in 
almost all scans. On the basis of previous studies, 8 ' 9 ' ' 12 
the observed excitations can be identified as one-triplet 
excitations. No splitting of the excitation spectrum due 
to anisotropy energy was observed. The scan profiles were 
fitted with a single Gaussian function to evaluate the ex- 
citation energy, as shown by the solid lines in Fig. 3. The 
horizontal bars in Fig. 3 denote the calculated resolution 
widths. Almost all peaks have widths close to the resolu- 
tion limit. The dispersion relations oj{Q) in KCUCI3 ob- 
tained at P = 4.7 kbar for Q along (h, 0, 1), (0, 0, 2h+l), 
(h,0,2h + 1) and (h, 0,2ft, — 1) are summarized in Fig. 
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4. The dashed lines in Fig. 4 denote the fits of the dis- 
persion curves at ambient pressure 8-12 obtained using 
eq. (1) with the exchange parameters listed in Table I. 
Softening of the triplet mode is clearly observed at all 
Q values. The excitation gap for P = 4.7 kbar corre- 
sponding to the lowest excitation energy was evaluated 
as A = 1.52 meV. Figure 5 summarizes the excitation 
gaps obtained by the present study and previous mag- 
netization 13-15 measurements at various pressures. The 
present result of A = 1.52 meV for P = 4.7 kbar is in 
accordance with others. 
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Fig. 4. Dispersion relations oj(Q) in KCUCI3 measured at P = 
4.7 kbar for Q along (a) (h, 0, 1) and (0,0,2ft + 1), and (b) 
(h, 0, 2h + 1) and (h, 0, 2h — 1). Solid and dashed lines are the 
dispersion curves at P = 4.7 kbar and ambient pressure, re- 
spectively, calculated using eq. (1) and the exchange parameters 
listed in Table I. 



As shown in Fig. 4, the dispersion relations at ambient 
pressure and P — 4.7 kbar are generally similar to each 
other. However, the average of the dispersion decreases 
with increasing pressure, which indicates a decrease in 
the intradimer interaction J with increasing pressure. 
On the other hand, the bandwidth of the dispersion for 
P = 4.7 kbar is approximately 1.5 times larger than that 
for ambient pressure, which indicates an increase in the 
interdimer interactions with pressure. These pressure de- 



Table I. Intradimer and effective interdimer exchange interac- 
tions in KCUCI3 in meV units. Exchange parameters for ambient 
pressure were taken from refs. 9-12. 



P [kbar] 


J 


TGtt 

J [10 0] 


TCtt 


rctt 

J [2 01] 


ambient 


4.34 


-0.21 


0.28 


-0.45 


4.7 


3.65 


-0.28 


0.45 


-0.42 



pendences of the intradimer and interdimer interactions 
are consistent with the results obtained by the magneti- 
zation measurements. 15 The pressure dependence of the 
dispersion relations in KCUCI3 differs from that in the 
spin-Peierls system CuGe03, in which the gap increases 
with pressure, while the dispersion range decreases. 16 
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Fig. 5. Pressure dependence of the excitation gap A in KCUCI3. 
The solid line serves as a visual guide. 



Next, we analyze the dispersion relations using the ef- 
fective dimer interactions for the propagation of triplet 
excitations. 9 ~ 12, 17, 18 Since there are two different dimers 
per chemical unit cell, the triplet excitations have two 
branches lo±(Q). Within the framework of the random 
phase approximation, the dispersion relations in the 
present system are expressed as 9 ~ 12, 17, 18 

fuj±(Q) = \] J 2 + 2 JJf (Q) , (l) 

Jf 00] cos(2irh) + J [ c 2 ^ 1] cos{27r(2/i + I)} 
±2Jff, i1 cos{tt(2/i + Z)}cos(7rfc) • (2) 



where 
jf(Q] 



In the above equations, J denotes the main intradimer 
exchange interaction and ■/rf^ m i denotes the effective in- 
teraction between dimers separated by a lattice vector 
la + mb + nc and is expressed as 



TCff 

J [lm 



n] 2 y 



MJn 



M 'J'[lmn] 



(3) 



where J[i mn ] and Jh mn -i are shown in Fig. 1. The factors 
M and M' are the numbers of identical exchange paths 
for the same lattice vector between dimers. For Jpooi! 
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M = 2 and M' = 1, and for the others, M = M' = 
1. The effective dimer interaction J^ n j corresponds to 
the hopping amplitude of the triplet excitation between 
dimcrs. Under the present experimental condition, i.e., 
Q in the a* — c* plane, the U-(Q) branch vanishes and 
only the oj+(Q) branch can be observed. The solid lines 
in Fig. 4 denote the calculated results obtained with the 
exchange parameters shown in Table I. The experimental 
dispersion curves can be reproduced well by the fitting. 
We also fitted the dispersion curves, including ./poo] an< ^ 



jcS 



and found that their contribution is negligible. 
The intradimcr interaction J decreases significantly 
with pressure. From previous magnetization measure- 
ments, 15 it was found that J exhibits linear dependence 
on pressure P as J(P) = J(0) (1 - P/27.0) in units of 
kbar. Using this relation, we obtain J = 3.58 meV at 
P = 4.7 kbar. This J is in agreement with the present 
result of J = 3.65 meV. It is considered that the bond an- 
gle of the intradimer exchange path Cu 2+ — Cl~ — Cu 2+ 
approaches 90° with increasing hydrostatic pressure, so 
that the ferromagnetic contribution to the intradimer in- 
teraction increases and the total AF intradimer interac- 
tion decreases. 

As shown in Table I, the most dominant intcrdimer in- 
teraction Jp 01 ] = —(1/2)^20!] acting between the next- 
nearest dimers in the (1,0,2) plane scarcely varies with 
pressure. On the other hand, the effective interdimer in- 
teractions J^qq] and J^ij acting between the nearest 

dimers along the a-direction and in the (1, 0, 2) plane ex- 
hibit a significant increase with pressure. The enhance- 
ment in the effective interdimer interactions and 

Jffiii is attributed to the contraction of the interdimer 

distance. Mullcr and Mikeska 10 have evaluated the in- 
dividual interdimer interactions at ambient pressure in 
KCUCI3 by applying a cluster series expansion to the 
analysis of the dispersion relations. According to their 

results, J[' 10 o]' ^[155] an< ^ ^[201] are dominant in the in- 
terdimer interactions shown in Fig. 1. Therefore, we infer 
that the increase in Jr' 100 i and J[\ii] contributes to the 



increase in J^go] and ^/lij with pressure. 

Matsumoto et al. 1 theoretically investigated the evolu- 
tion of magnetic excitations in the present system across 
the critical pressure P c . They predicted that after the 
softening of the triply degenerated triplet mode at P c , 
the excitations are reorganized into two gapless phase 
modes and one gapped amplitude mode. The amplitude 
mode, which has been disregarded in conventional anti- 
ferromagnets, corresponds to the oscillation of the length 
of ordered moments. The excitation energy of the am- 
plitude mode increases rapidly with increasing pressure, 
while its intensity decreases rapidly so that it vanishes 
at high pressures. The observation of the novel ampli- 
tude mode is of great interest. We are now improving 
the high-pressure cell for neutron inelastic scattering to 
reach a hydrostatic pressure of 10 kbar. 

In conclusion, we have presented the results of neutron 
inelastic scattering experiments on the gapped spin sys- 
tem KCUCI3 under a hydrostatic pressure of 4.7 kbar, 



which was applied using a newly designed cylindrical 
high-pressure clamp cell made of mesoalite. A well- 
defined single excitation mode was observed. The dis- 
persion relations along four different directions in the 
a* — c* plane were obtained as shown in Fig. 4. The 
excitation energy decreases at all Q values under hydro- 
static pressure. Using the random phase approximation, 
we have analyzed the dispersion relations and obtained 
the intradimer and effective interdimer interactions. It 
was found that the intradimer interaction decreases un- 
der hydrostatic pressure and the effective interactions be- 
tween the nearest dimers along the a-direction and in 
the (1,0,2) plane increase. These pressure dependences 
of the exchange interactions give rise to the observed 
pressure-induced QPT from a gapped ground state to an 
AF state in KCuCl 3 . 
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